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Abstract

Evidence from sediment core records and model studies suggest that increased nutrient supply
played a key role in the initiation of the Cenomanian-Turonian oceanic anoxic event 2 (OAE2; 94
Ma). However, the relative roles of nitrogen (N) and phosphorus (P) availability in controlling
primary productivity during the event are not fully understood. Here, we expand an existing multi-
box model of the coupled cycles of P, carbon and oxygen in the proto-North Atlantic by adding
the marine N cycle. With the updated version of the model, we test the hypothesis that enhanced
availability of P can fuel N2-fixation, increase primary productivity and drive large parts of the
proto-North Atlantic to anoxia during OAE2. In a sensitivity analysis, we demonstrate that N
dynamics in the proto-North Atlantic respond strongly to variations in oxygen and P supply from
the Pacific Ocean and to changes in circulation. The implemented N cycle weakly modifies the
carbon cycle, implying that P was the major nutrient controlling primary productivity during OAE2.
Our model suggests that both N2-fixation and upwelling of recycled NH+

4 were enhanced during
OAE2 and that N2-fixation was the major source of N in the proto-North Atlantic. Denitrification
was more important in the water column than in sediments, with high rates in the open ocean and
in the Western Interior. High P inputs in the proto-North Atlantic led to widespread N2-fixation,
which more than compensated for the loss of N through denitrification. As a consequence, rates of
primary productivity and organic carbon burial were high.

1 Introduction
In the mid-Cretaceous greenhouse world, severe oxygen depletion occurred in oceanic bottom waters
over extended periods of time. During these so called Oceanic Anoxic Events (OAEs), black shales
formed on the seafloor. The deposition and burial of organic-rich sediments during the OAE of the
Cenomanian-Turonian (OAE2; 94 Ma) has been attributed to high primary productivity and enhanced
organic matter preservation (e.g., Jenkyns, 2010; Kuypers et al., 2002). Sediment records for OAE2
(e.g., Jenkyns, 2010; Mort et al., 2007; Ruvalcaba Baroni et al., 2014; Schlanger and Jenkyns, 1976)
and model studies (e.g., Handoh and Lenton, 2003; Monteiro et al., 2012) support a scenario where
increased nutrient availability may have played a key role in maintaining the high productivity of
OAE2. The long-term coupling between phosphorus (P) and nitrogen (N) dynamics and their role in
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controlling primary productivity (e.g., Weber and Deutsch, 2010) are, however, not fully understood.
The same holds for the spatial trends in nutrient dynamics in the proto-North Atlantic during OAE2.
Moreover, recent findings on the removal of fixed N under low-oxygen conditions (e.g., canonical
denitrification and anammox) and on the conversion of atmospheric dinitrogen into organic matter by
photoautotrophic organisms (i.e. N2-fixation) are changing the general understanding of the N cycle
(e.g., Lam and Kuypers, 2011; Weber and Deutsch, 2012).

The transition of a marine system from oxic to largely anoxic conditions leads to major changes in
the sinks and sources of N. Denitrification (hereafter used to refer to all forms of inorganic N removal,
thus including anammox) is constrained to redox interfaces in the water column (e.g., DeVries et al.,
2013; Lam and Kuypers, 2011) or sediments (Middelburg et al., 1996; Risgaard-Petersen et al., 1993)
where oxygen is below ∼10 µmol L−1 and nitrate/nitrite concentrations are high. In the modern ocean,
water-column denitrification, which has been estimated to account for about 35 % of total global N
losses (DeVries et al., 2013), is largely restricted to oxygen deficient zones in the open ocean and in
coastal seas such as the Baltic Sea. Major loss of N through benthic denitrification is observed in
productive coastal upwelling areas (Lenton and Watson, 2000; Moore et al., 2013) and on continental
shelves (e.g., Codispoti, 2007; Galloway et al., 2004), where it may provide a negative feedback that
tends to maintain nitrate as the limiting nutrient (Flögel et al., 2011; Lenton and Watson, 2000; Moore
et al., 2013). The onset of widespread anoxia is expected to lead to a decline in rates of sediment
denitrification and a rise in pelagic denitrification.

Biological N2-fixation is known to occur in regions where nitrate poor and phosphate rich waters
are upwelled (Tyrrell, 1999). N2-fixation fills the nitrate deficit and can potentially enhance marine
productivity (Falkowski, 1997). Benthic N2-fixation is common in estuaries, coral reefs, salt marshes
and mangroves and contributes to the global N pool (Bertics et al., 2013; Capone and Carpenter,
1982).

Recent studies suggest a nearly balanced N cycle in the modern ocean (DeVries et al., 2013)
with high rates of water-column and sediment denitrification (e.g., Codispoti, 2007; Middelburg et al.,
1996). This implies higher rates of N2-fixation and a more widespread occurrence of this process (e.g.,
Gruber, 2004; Gruber and Galloway, 2008) than suggested by measurements for the modern ocean
(Supplementary material S, Table S1). N2-fixation has been shown to occur in nutrient-rich coastal
upwelling systems and in suboxic intermediate waters, suggesting that the sources and sinks of N may
be more closely and spatially connected than previously thought (Fernandez et al., 2011).

Our knowledge of N dynamics during OAE2 is limited and is mostly based on stable isotope anal-
yses of sedimentary organic N (δ15N). Low δ15N of OAE2 sediments in the proto-North Atlantic has
been interpreted to reflect high cyanobacterial N2-fixation in N-depleted surface waters (Blumenberg
and Wiese, 2012; Junium and Arthur, 2007; Kuypers et al., 2004a; Ohkouchi et al., 2006). This is
supported by the abundance of a qualitative biomarker for cyanobacteria in OAE2 sediments (Kuypers
et al., 2004a). Combined with elevated total organic carbon to total P ratios (TOC/PTOT), this suggests
that enhanced recycling of P from organic matter and high N2-fixation provided the nutrients to sustain
the high productivity during OAE2 (Junium and Arthur, 2007; Kuypers et al., 2004a). However, there
is a significant difference between the average δ15N values in modern environments, where N2-fixation
is known to be important, and those during OAE2. This has been attributed to N2 fixers using an alter-
native nitrogenase enzyme as a response to a molybdenum deficit in the water column (Zhang et al.,
2014).

In anoxic waters, ammonium (NH+
4 ) produced through decomposition of organic matter cannot be

nitrified (Omstedt et al., 2009) and may accumulate in bottom waters. This recycled NH+
4 will then

2



be an important source of N for phytoplankton growth when upwelled to the surface. Based on δ15N
records of chlorophyll-derived porphyrins at Demerara Rise, Higgins et al. (2012) suggest that the
difference between the modern isotopic signature for N2 fixing environments and the more negative
signature during OAE2 was not caused by cyanobacterial activity alone, but was mainly driven by
direct NH+

4 uptake from upwelling waters. They suggest that N2-fixation may have contributed only
∼20 % of the N supply for new production during OAE2. However, N2-fixation likely varied spatially
during OAE2 and therefore, its relative contribution compared to upwelling of recycled NH+

4 in the
entire proto-North Atlantic remains unclear.

While various recent global model studies of ocean biogeochemistry during OAE2 include the N
cycle, N dynamics were not presented in the corresponding papers (Flögel et al., 2011; Monteiro et al.,
2012). Here, we expand a multi-box model, which describes the cycles of water, carbon, oxygen
and P in the proto-North Atlantic with the N cycle. With the new model, we test whether enhanced
availability of P can fuel N2-fixation, increase primary productivity and drive large parts of the proto-
North Atlantic to anoxia during OAE2. We assess the role of NH+

4 in upwelled anoxic waters and
its influence on primary productivity. We also determine whether or not there is a spatial coupling
between denitrification and N2-fixation. Finally, we study the response of N dynamics in the proto-
North Atlantic to changes in ocean circulation and changes in oxygen and P supply from bottom waters
of the Pacific Ocean. Our model is unique in that it distinguishes between processes in the coastal and
open ocean in the proto North-Atlantic.

2 Model description
A detailed multi-box model of the proto-North Atlantic (Ruvalcaba Baroni et al., 2014) is expanded by
adding the N cycle. The water cycle is extracted from the results of a regional water circulation model
(Topper et al., 2011), which is specifically adapted to the palaeobathymetry and atmospheric conditions
of the proto-North Atlantic in the mid-Cretaceous. Note that the proto-North Atlantic represents about
5% of the surface area of the global ocean in the mid-Cretaceous.

During OAE2, both vertical and lateral transport of water on the shelves and in the surface and deep
ocean in the proto-North Atlantic may have increased relative to pre-OAE2 conditions. This suggested
increase in ocean circulation was mainly due to sea level rise and resulting changes in paleogeography
(Topper et al., 2011; Trabucho Alexandre et al., 2010). Therefore, we consider 2 settings for the water
cycle, one for pre-OAE2 and one for OAE2 conditions, as explained in Ruvalcaba Baroni et al. (2014).
For both settings, the proto-North Atlantic is divided into 7 boxes (Fig. 1). The model segmentation
is based on the areas of upwelling and downwelling as described in Topper et al. (2011). Two open
ocean boxes (the central, W1, and the southern open ocean, W2) are defined and divided vertically into
a surface (0 to 100 m), intermediate (100 to 700 m) and deep bottom water (700 to 5000 m) box. Five
additional boxes are located in coastal areas which include part of the continental slope (the Western
Interior, W3, the northern, W4, the southern, W5 and the north-eastern coast, W6, and the Tethys
Gateway, W7). These coastal boxes are divided vertically into surface water (0 to 100 m) and shallow
bottom water (100 to 700 m).

The original biogeochemistry of the multi-box model is described in Ruvalcaba Baroni et al.
(2014). Here, we only present new implementations, which are all linked to the N cycle. We ac-
count for 3 forms of N: nitrate and nitrite (NO−

x ), NH+
4 and particulate organic N (PON). We assume

only NO−
x in surface waters, as oxygen concentrations in surface waters are always equilibrated with

the atmosphere and thus, all NH+
4 is expected to be nitrified to NO−

x . The processes included for the
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N cycle are: formation of PON (NO−
x uptake for phytoplankton growth); degradation of PON (rem-

ineralization/ammonification); conversion of NH+
4 to nitrate (nitrification); PON export from surface

to subsurface waters; burial of PON; transport of NO−
x and NH+

4 ; denitrification in both sediments and
the water column; N2-fixation in surface and subsurface waters, which include sediments.

2.1 Initial conditions for the N cycle
The initial N fluxes and reservoirs in the proto-North Atlantic are defined for pre-OAE2 conditions
following the approach used in other studies (e.g., Flögel et al., 2011; Monteiro et al., 2012). The
OAE2 water cycle is run with the initial biogeochemical conditions for pre-OAE2 in order to obtain
the initial biogeochemical conditions for OAE2. The NO−

x concentrations in each box are calculated
by multiplying the soluble reactive P (SRP) concentrations by the mean modern N to P (N:P) ratio
of water masses at similar depths. The processes related to PON (Fig. S1.1) are linked to the carbon
cycle (Ruvalcaba Baroni et al., 2014) via the Redfield ratio (C:N=106:16) (e.g., Rabouille et al., 2001;
Slomp and Van Cappellen, 2007; Wallmann, 2003).

Palaeoceanographic proxies do not provide a quantitative measure of denitrification and N2-fixation
in the proto-North Atlantic before and during OAE2. We therefore, use modern values to constrain
these N fluxes. Denitrification for each box is estimated using values from the literature, taking into
account the box size and oxygen concentrations given by the model. N2-fixation rates are obtained
by assuming a balanced initial N cycle. The N cycle, as implemented in the model, is summarized in
Fig. S1.1. Reservoir sizes and N fluxes for each box are listed in Tables S1.1, S1.2 and S1.3.

Global rates of denitrification (including anammox) have been estimated to be as high as 28 Tmol
y−1 (Codispoti, 2007). However, reported rates in the literature show a broad range (Table S1). Here,
we assume a value of 28 Tmol y−1 for both water-column and sediment denitrification in the modern
ocean. We assume low rates in oxic bottom waters, and higher rates where transient anoxia occurred.
This is in line with the lateral distribution of denitrification in the modern ocean (DeVries et al., 2013;
Middelburg and Levin, 2009).

In our model, we include sedimentary and subsurface N2-fixation, besides N2-fixation in surface
waters. Our estimation of total N2-fixation in the proto-North Atlantic is relatively high (∼20 % of
the highest modern global estimate of N2-fixation; Table S1). This is reasonable given that N2-fixation
may rise with increasing temperature and atmospheric CO2 (Hutchins et al., 2007), in line with the
greenhouse conditions during the Cretaceous.

2.2 Rate laws for N fluxes
Many types of microbial activity are involved in the different pathways of the N cycle, several of which
depend on the dissolved oxygen present in the water. The relation between nutrient concentrations
and biological N fluxes is generally highly non-linear. In this section, a detailed description of the
parametrization of each modeled N process is presented. A summary of the major equations for all
cycles in oxic conditions and the non-linear equations for the N cycle is given in Tables S1.4.1 and
S1.4.2, respectively.

2.2.1 Organic nitrogen processes

Primary productivity (PP) is assumed to be co-limited by P and N, following Liebig’s law:
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PP = kphoto ·RedC:P ·W ·min(
[NO−

x ]

16
· [NO−

x ]

[NO−
x ]+KN

, [SRP] · [SRP]
[SRP]+KP

). (1)

where kphoto is the rate constant for primary productivity, RedC:P is the Redfield C:P ratio (106:1)
and W is the water reservoir where the process is occurring. The brackets represent concentrations and
KN and KP are the half saturation concentrations for phytoplankton growth for N and P as a limiting
nutrient, respectively (Table S1.4.3).

While remineralization of PON in surface waters is assumed to transform PON directly to NO−
x ,

degradation of PON below the surface waters leads to NH+
4 production. In intermediate waters, rem-

ineralization of POC (POCREMi) and therefore, degradation of PON (AMMONIi), is reduced with
low-oxygen concentrations (Olow

2 < 5 µmol L−1; Andersson et al. 2008; Middelburg and Levin 2009):

AMMONIi = POCREMi(Olow
2 ) ·RedN:C, (2)

where RedN:C is the N:C Redfield ratio (16:106). Burial of PON follows the original parametrization
of burial of organic carbon (Ruvalcaba Baroni et al., 2014) multiplied by RedN:C.

2.2.2 N2-fixation

N2-fixation in surface waters is limited by the availability of P (e.g., Dyhrman et al., 2007; Knapp
et al., 2012; Sañudo-Wilhelmy et al., 2001), iron (Fe) (e.g., Karl et al., 2002; Mills et al., 2004) and
several trace metals (Falkowski, 1997; Howarth et al., 1988; Zerkle et al., 2006) and is inhibited by
high dissolved nitrate (Knapp et al., 2012; Wallmann, 2003). Other processes affecting N2-fixation
include light intensity (Carr and Whitton, 1982; Falcón et al., 2004), temperature (Breitbarth et al.,
2007; Staal et al., 2003) and atmospheric CO2 (Hutchins et al., 2007). N2 fixing organisms living in
surface waters differ from those living below or in sediments. The latter may be additionally limited
by a low influx of organic matter to the sea floor (Fulweiler et al., 2008) and high NH+

4 concentrations
(Howarth et al., 1988).

Here, we assume that N2-fixation in both surface and subsurface waters (NFIXs and NFIXsub) are
dependent on SRP and are inhibited by NO−

x (eq. 3 and 5). We assume that Fe does not limit N2-
fixation during OAE2, due to high inputs of Fe from hydrothermal vents associated with submarine
volcanism (Vermeij, 1995) and from biological Fe reduction in low-oxygen environments (e.g., Moffett
et al., 2007). N2-fixation is assumed to directly add inorganic N to the NO−

x pool. The subsurface
N2-fixation includes sedimentary N2-fixation and is also inhibited by high NH+

4 concentrations (eq.
5). N2-fixation is defined as follows:

NFIXs = kn fs ·W ·16 · [SRP] · [SRP]
[SRP]o

· ( KNF
[NO−

x ]+KNF
)n f Ns (3)

NFIXsub = kn fsub ·W ·16 · ([SRP] · [SRP]
[SRP]o

)n f P· ( KNF
[NO−

x ]+[NH+
4 ]+KNF

)n f Nb, (4)

where kn fs and kn fsub are the rate constants of N2-fixation in surface and subsurface waters, respec-
tively. The factor [SRP]

[SRP]o
allows a high sensitivity to SRP with a small initial SRP concentration ([SRP]o

= 0.01 µmol L−1). The limitation of NO−
x is calculated assuming Monod kinetics (Wallmann, 2003).

In the surface waters, however, this limitation is reduced when the surface N:P ratios are low via the

5



factor n f Ns = 2− 16
N:P . The sensitivity of surface N2-fixation to both SRP concentrations and N:P

ratios (which determine the value of n f Ns) is shown in Fig. S1.5.1. N2-fixation is considered to be
impacted less by NO−

x in subsurface than in surface waters and, therefore, we assume a constant factor
n f Nb of 0.5. KNF is the Monod constant for N2-fixation at low latitudes (Table S1.4.3). To account for
the possible limiting factors for subsurface N2-fixation, we assume that NFIXsub is non-linearly related
to SRP. This is represented by including the term n f P (eq. 5). Its small value (0.01) makes subsurface
N2-fixation less dependent on SRP than that in surface waters (Fig. S1.5.2a).

2.2.3 Nitrification

Nitrification is a key process controlling NH+
4 concentrations in the water column. Its rate depends on

both the oxygen and NH+
4 concentrations (Kantartzi et al., 2006). Here, we define nitrification (NIT RI)

as being linearly dependent on NH+
4 and non-linearly dependent on oxygen by assuming Monod ki-

netics. When oxygen concentrations below surface waters are above 30 µmol L−1, the parametrization
of NIT RI is as follows:

NIT RI = knox · [NH4] ·W · [O2]

[O2]+KO2
. (5)

In low-oxygen conditions, nitrification decreases significantly. In anoxic waters, it comes to a halt.
With decreasing nitrification, NH+

4 starts to build up in the water column (e.g., Konovalov et al., 2008;
Lam et al., 2009). To capture these dynamics, we assume that the dependency of nitrification on NH+

4
is negligible when oxygen concentrations are below 30 µmol L−1 and equation 5 becomes:

NIT RI = knlox · [NH4] ·W · [O2]

[O2]+KO2
· KNH4

[NH4]+KNH4
. (6)

In equations 5 and 6, knox and knlox are rate constants for nitrification in oxic and low-oxygen waters,
respectively. KO2 and KNH4 are the Monod constants for oxygen and NH+

4 (Table S1.4.3).

2.2.4 Denitrification

Denitrification has been measured in modern marine environments where oxygen concentrations are
lower than 10 µmolL−1 and NO−

x concentrations are high (e.g., Black sea, Arabian Sea). Denitrifica-
tion typically increases with decreasing oxygen concentrations; maximum values occur in waters with
oxygen concentrations of ∼2 µmol L−1 (e.g., Codispoti et al., 2005; Murray et al., 1995). Denitrifica-
tion is also non-linearly dependent on NO−

x (Middelburg et al., 1996). In the model, we use a square
root relationship (Middelburg et al., 1996) to describe this non-linear dependency relative to NO−

x for
both the water-column (DENW ) and sediments (DENS). In our parametrization of denitrification, the
oxygen dependency and NO−

x limitation are assumed to follow Monod kinetics:

DENW =

√
kdenw · [NO−

x ] ·W · [NO−
x ]

[NO−
x ]+KNO

· ( KO2

[O2]+KO2
)dn f O (7)

DENS =

√
kdens · [NO−

x ] ·W · [NO−
x ]

[NO−
x ]+KNO

· KO2

[O2]+KO2
, (8)
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where kdenw and kdens are the rate constants for denitrification in the water column and sediments,
respectively. KNO is the Monod constant for NO−

x involved in denitrification (Table S1.4.3).
Water column denitrification occurs in well-demarcated areas within low-oxygen zones (Naqvi

et al., 2006), a feature that is not fully captured in our box model. Therefore, denitrification in the
water column is activated before the entire box reaches an oxygen concentration of 10 µmol L−1.
Since our parametrization of denitrification is a continuous function relative to oxygen, we add an
exponential factor to the Monod kinetics in the water column (dn f O). This number is obtained through
a sensitivity analysis (1.8 for intermediate and coastal bottom waters and 1.5 for open bottom waters;
Fig. S1.5.2b, S1.5.2c and S1.5.2d). Consequently, denitrification in the water column significantly
increases when oxygen concentrations fall below 30 µmol L−1. When bottom waters are anoxic, water-
column denitrification is no longer dependent on oxygen (i.e. KO2

[O2]+KO2
= 1 in equation 8). Sediments

are generally more reducing than the overlying water column and therefore, in our parametrization,
denitrification in sediments is more widespread.

2.3 Numerical experiments
Our specific interest is to understand whether N2-fixation could have compensated for N-losses due to
denitrification during OAE2. We study under which conditions N2-fixation can sustain high primary
productivity and we analyse the relationship between sources and sinks of N in oxygen depleted wa-
ters. The rates and spatial trends of the major N processes in the proto-North Atlantic are simulated,
including the contribution of upwelling of recycled NH+

4 to phytoplankton growth in surface waters.
We also assess which element, N or P, likely limited primary productivity in the proto-North Atlantic.

We start from the final scenario of the original model describing the dynamics of oxygen, carbon
and P during OAE2 (experiment E7 in Ruvalcaba Baroni et al., 2014). This baseline run assumes a 3-
fold increase in weathering from pre-OAE2 to OAE2 (Blättler et al., 2011), low-oxygen concentrations
in Pacific bottom waters and a reduced ocean circulation (detailed assumptions in Table 1). Sediment
records of trace metals (e.g., Kuypers et al., 2004b; Owens et al., 2012) and TOC/PTOT ratios [van
Helmond et al., in review for Geochemistry, Geophysics, Geosystems, 2014] for the deep proto-North
Atlantic suggest anoxic bottom waters. A decrease in overturning with respect to the original ocean
circulation as calculated by Topper et al. (2011) is required in our model for the bottom waters of the
central open ocean (W1b) to be close to anoxia (∼ 5 µmol L−1). The base line run with the original
model is termed BsLi-P, whereas the same run with the model expanded with the N cycle is termed
BsLi-N. The concentrations of NH+

4 and NO−
x in the bottom waters of the Pacific Ocean in the BsLi-N

run are assumed to be 15 and 0 µmol L−1, respectively, which are typical values for modern low-
oxygen waters, such as observed in the Black and Arabian Sea (e.g., Konovalov et al., 2000; Naqvi
et al., 2006).

We perform 3 numerical experiments (Table 1) to assess the model response to changes in SRP
(Experiment 1), oxygen concentrations in Pacific bottom waters (Experiment 2) and in ocean circu-
lation (Experiment 3). For experiment 2, we linearly increase the NH+

4 concentrations and decrease
NO−

x when oxygen concentrations decrease below 30 µmol L−1 in Pacific bottom waters. As the SRP
concentrations in the ocean likely remained relatively constant over the Phanerozoic (Planavsky et al.,
2010), we set the maximum increase of SRP from the Pacific Ocean in experiment 1 to 1.3 times the
mean concentrations for modern Pacific bottom waters (∼3 µmol L−1). The experiments are compared
to the results obtained with the original model (Ruvalcaba Baroni et al., 2014).

The model is run to steady state, which takes approximately 10 kyrs. The N cycle reaches steady
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state after 500 years. We first analyse the results of the 3 sensitivity experiments and compare them
to the results of the original model. We then describe the results of the BsLi-N run and discuss the
general biogeochemical implications for the proto-North Atlantic.

3 Sensitivity analysis

3.1 Oxygen distribution
The spatial distribution of oxygen in the proto-North Atlantic is highly sensitive to changes in SRP
and oxygen concentrations entering from the Pacific Ocean (Experiment 1 and 2, Fig. 2a and b) and
to ocean circulation (Experiment 3; Fig. 2c). In all 3 experiments, significant regional differences in
bottom-water oxygen can be observed. Bottom water anoxia in the central open ocean (W1b) is only
achieved when conditions are close to those of the BsLi-N run. Further enhancing the input of SRP and
decreasing the input of oxygen from Pacific bottom waters can amplify deep sea anoxia (Experiment
1 and 2, Fig. 2a and b). To better constrain these last two parameters more information about oxygen
conditions and P dynamics in the deep Pacific would be needed.

Because N:P ratios in surface waters are always below Redfield in all 3 experiments (Fig. S2.1a),
primary productivity in the new version of the model is slightly lower than that of the original model.
Consequently, oxygen concentrations in the new version of the model are somewhat higher than in the
original model (Fig. 2d, e and f), notably along the northern and north-eastern coast (W4 and W6)
and the Tethys Gateway (W7). These differences in oxygen (∆O2) are generally lower than ∼15 µmol
L−1, except in the southern open ocean (W2b) when the Pacific Ocean is well oxygenated. Thus, all
experiments performed with the BsLi-P and BsLi-N runs yield similar oxygen concentrations. This
suggests that P and not N is the main driver for anoxia during OAE2. Our results are consistent with
those of other authors (e.g., Monteiro et al., 2012; Tsandev and Slomp, 2009), and further validate the
concept that P acted as a major driver for anoxia in the proto-North Atlantic during OAE2. The positive
∆O2 indicates that the addition of the N cycle in our model only moderates the impact of increased P
loads on organic matter production and oxygen consumption.

Ocean circulation plays an important role in distributing oxygen and, thus, nutrients in the proto-
North Atlantic. The sensitivity of dissolved oxygen to changes in ocean circulation (Experiment 3,
Fig. 2c) differs regionally. While reduced ocean circulation leads to a decrease in oxygen in bottom
waters of both the open and coastal ocean, the response in the open ocean (W1 and W2) is less pro-
nounced than along the coast. When low-oxygen conditions in the open bottom waters (W1b and W2b)
are well established, deep bottom waters cannot simply re-oxygenate by increasing ocean circulation.
Oxygen concentrations below ∼5 µmol L−1 in bottom waters of the central open ocean (W1b) de-
velop only when circulation is reduced to at least 70 %. This ocean circulation intensity corresponds
to a meridional ocean overturning of roughly 11 Sv (Sverdrup = 106 m3 s−1), which falls into the
overturning range proposed by Monteiro et al. (2012) for the global Cretaceous ocean. This is also
in line with molybdenum to total organic carbon ratios for 3 sites located in the central open ocean
for the OAE2 interval that suggest a severely restricted but not stagnant ocean circulation [van Hel-
mond et al., in review for Geochemistry, Geophysics, Geosystems, 2014]. Note that Pacific inflow and
upwelling/downwelling in the proto-North Atlantic could be decoupled (Topper et al., 2011). How-
ever, any scenario with weak inflow from the Pacific Ocean would not allow anoxia to develop in the
proto-North Atlantic (for further details we refer to Ruvalcaba Baroni et al., 2014).
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3.2 N dynamics
The dynamics of N in the proto-North Atlantic are strongly affected by the regional differences in
biogeochemistry and redox conditions. This is reflected by the surface N:P ratios which, despite the
efficient nutrient transport in the basin, show a spatial variability (Fig. S2.1a). This regional trend is
consistent across all 3 experiments. Bottom water N:P ratios are directly affected by local rates of
denitrification and P recycling. This implies that biogeochemical processes counteract the otherwise
homogeneous distribution of nutrients through physical transport (Fig. S2.1b).

In Experiment 1, both regional (expressed in Tmol m−3 y−1) and total N2-fixation (expressed in
Tmol y−1) increase with increasing SRP from Pacific bottom waters (Fig. 3a and b). While P input is
the main driver for N2-fixation, the relationship between N2-fixation and SRP concentrations is non-
linear. For example, N2-fixation decreases with respect to the maximum (at 1.4 Tmol P y−1) for a 1.5
Tmol P input per year from the Pacific Ocean. This is due to high accumulation of NH+

4 (not shown)
under more widespread anoxia when P inputs increase (Fig. 2a). Therefore, regional differences
in redox conditions and N:P ratios together affect the response of N2-fixation to P inputs. This is
especially important in upwelling areas, where surface N2-fixation is highest and, thus, a high primary
productivity is maintained. The most pronounced changes in surface N2-fixation (mol m−3 y−1), when
the supply of SRP from the Pacific Ocean is increased, are observed for the Western interior (W3s) and
the Tethys Gateway (W7s). For all 3 experiments the regional response of N2-fixation is similar to that
shown in Fig. 3a.

In Experiment 2, total N2-fixation in the proto-North Atlantic responds non-linearly to increasing
oxygen from the Pacific Ocean (Fig. 3c). When most of the proto-North Atlantic is low in oxygen,
the accumulation of NH+

4 inhibits N2-fixation. As a consequence, total N2-fixation is relatively low
under fully anoxic conditions. With increasing oxygen, N2-fixation increases at first, but subsequently
decreases as denitrification is reduced, increasing the N pool and therefore, inhibiting N2-fixation.

In Experiment 3 (Fig. 3d), the most pronounced decrease in N2-fixation (Tmol y−1) is observed
when ocean circulation changes from 70 to 60 %. Above 70 %, N2-fixation is mainly fueled by
upward transport of SRP. When ocean circulation decreases from 70 to 60 %, both increased NH+

4
and decreased SRP input from upwelling contribute to substantial decrease in N2-fixation. With 70
% circulation, denitrification is highest, because both sediment and water-column denitrification are
highly active in most coastal regions. Across all 3 experiments, we see a high variation in total N2-
fixation rates (about 10 Tmol N y−1, Fig. 3b, 3c and 3d).

In our model, the proto-North Atlantic sits close to the threshold between P and N limitation due
to high rates of N2-fixation. If N2-fixation rates were lower than assumed in our model, and if they did
not respond to P inputs, primary productivity and organic matter burial required for an OAE2 would
not have been sustainable. However, primary producers may have adapted their nutrient stoichiometry
(e.g., Flögel et al., 2011), a process not considered in this model. Based on our results, we conclude
that SRP input from the Pacific Ocean, in addition to riverine P supply (e.g., Flögel et al., 2011;
Monteiro et al., 2012; Ozaki et al., 2011; Ruvalcaba Baroni et al., 2014), was likely a major forcing
for the biogeochemistry in the proto-North Atlantic during OAE2.
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4 Implications for the proto-North Atlantic

4.1 Scenario for OAE2
As demonstrated from experiments 1, 2 and 3, the LsBi-N run represents an optimal scenario, repro-
ducing oxygen concentrations for OAE2. During the anoxic event, NH+

4 accumulates in intermediate
and bottom waters in most regions of the proto-North Atlantic because nitrification is limited by oxy-
gen (Fig. 4a). Spatial differences in NH+

4 concentrations for OAE2 are largely related to variations
in organic matter export rather than oxygen. The resulting NH+

4 concentrations are within the range
of those found in modern poorly oxygenated regions (20-40 µmol L−1), such as in the Black Sea and
Arabian Sea (e.g., Konovalov et al., 2000; Naqvi et al., 2006).

While NH+
4 concentrations increase, NO−

x concentrations decrease during OAE2 with respect to
pre-OAE2 concentrations in all poorly oxygenated regions of the proto-North Atlantic. This denotes
an important shift of the available inorganic N in the proto-North Atlantic from NO−

x to NH+
4 , which

is in line with recycling of N in bottom waters.
In pre-OAE2 conditions, all regional N:P ratios in the model are close to Redfield. During OAE2,

the ratios in surface waters are spatially variable and are mostly below Redfield (Fig. 4b). This is in
agreement with observations of modern N:P ratios in low-oxygen aquatic systems (e.g., Naqvi et al.,
2006; Quan and Falkowski, 2009; Wasmund et al., 2001). In the southern coastal box (W5) where
euxinia can develop (Fig. 4a and b), the lowest surface N:P ratios, are found despite the highest NH+

4
concentrations in bottom waters. This is mainly due to enhanced P recycling under anoxic conditions.
Note that oxygen concentrations, and therefore N:P ratios in this region could have been low before
OAE2.

Due to the decrease in oxygen from pre-OAE2 to OAE2 conditions, denitrification increases in
most regions of the proto-North Atlantic (Fig. 4c). The highest rates per water volume are found along
the coast (0.004, 0.001, 0.0004 and 0.001 mol m−3 y−1 in W3, W4, W5 and W7, respectively). Coastal
denitrification switches from mainly occurring in sediments before OAE2 to being more important in
the water column during OAE2. In the southern coastal box (W5), however, water-column denitrifica-
tion is significantly reduced due to low NO−

x concentrations. This leads to a decrease in total N removal
along the southern coast. In other coastal areas with low-oxygen (< 30 µmol L−1), water-column den-
itrification increases by a factor of ∼2 (in W4 and W7) to about 40 (in W3) from pre-OAE2 to OAE2
conditions.

In the central open ocean (W1), denitrification rates per volume more than double from pre-OAE2
to OAE2, but remain low (∼0.001 mol m−3 y−1) due to the lower NO−

x concentrations relative to
pre-OAE2 conditions. In the southern intermediate waters (W2i), water-column denitrification de-
creases due to NO−

x limitation. In general, denitrification per water volume in the proto-North Atlantic
increases by ∼35 % during OAE2 relative to pre-OAE2 conditions.

In contrast, N2-fixation in the proto-North Atlantic more than triples during OAE2 (Fig. 4d). N2-
fixation rates are generally one order of magnitude higher when expressed as mol m−3 y−1 than den-
itrification rates, and are highest in the Tethys Gateway (W7). This suggests that N2-fixation was a
major process in the proto-North Atlantic during OAE2. The difference in magnitude between N2-
fixation and denitrification per water volume is due to the spatial decoupling of both processes. While
N2-fixation is mainly enhanced in surface waters during OAE2, denitrification occurs in bottom and in-
termediate waters. This indicates that moderate changes in total denitrification may coexist with large
perturbations of N2-fixation when P inputs are high. Thus, surface N:P ratios are mostly controlled by
the amount of SRP reaching surface waters.
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When comparing the results of the BsLi-P and the BsLi-N runs, rates of most processes involving
carbon and P, such as primary productivity, burial of POC and burial of total P are similar (Fig. S2.2).
The relative burial increase of POC in the BsLi-N run is in good agreement with the increase in
POC content recorded in the sediments during OAE2 (Table S2). This implies at least a doubling
in both regional and mean burial of POC in the proto-North Atlantic (e.g., Owens et al., 2012; Sin-
ninghe Damsté et al., 2010; van Bentum et al., 2012; Voigt, 2000). Such a doubling of POC burial can
be achieved with a rate of primary productivity that is lower than the mean rate in modern upwelling
zones (∼150 mol C m−2 y−1; Millero, 1996; Fashman, 2003). Based on this result and the sensitivity
analysis, we consider that the simulation of the BsLi-N run is a good approximation of the general
biogeochemistry during the OAE2 interval.

4.2 Basin-scale N dynamics for OAE2
In the BsLi-N run, ∼78 % of the proto-North Atlantic (with a total water volume of 62527 Tm3)
is anoxic. During OAE2, this was equivalent to 4 % of the global mid-Cretaceous ocean (with a
total water volume of ∼1348600 Tm3). At present, about 2 % of the modern global ocean is anoxic
(Paulmier and Ruiz-Pino, 2009).

In our simulation for OAE2, total primary productivity in the basin (1136 Tmol C y−1) is about
25 % of the modern global rate (∼4558 Tmol C y−1, Houghton, 2007; Longhurst et al., 1995). During
OAE2, we find that total N2-fixation (18 Tmol N y−1, Fig. 5a) accounts for about 11 % of the total
N for new production (171 Tmol N y−1) in the proto-North Atlantic. This percentage is lower than
the value of 20 % estimated by Higgins et al. (2012). However, their estimate is based on geological
records of only one site in the southern proto-North Atlantic and may not be representative for the
entire basin.

Total denitrification simulated by the BsLi-N run in the proto-North Atlantic (Fig. 5a) is of a simi-
lar order of magnitude to total N2-fixation. Therefore, while volumetric N2-fixation is very intense in
surface waters of the proto-North Atlantic, the total rate of N2-fixation is comparable to total denitri-
fication. Sedimentary denitrification in the proto-North Atlantic (4 Tmol y−1) accounts for only about
22 % of total denitrification, in our model. This is in agreement with previous studies (Junium and
Arthur, 2007; Rau et al., 1987) that suggest high water-column denitrification during OAE2 based on
nitrogen isotope records. In contrast, Algeo et al. (2014) suggest, based on model results for the global
ocean and long-term N isotopic records of the Phanerozoic, that during OAEs the contribution of sedi-
mentary denitrification was higher than that of the water column. However, their results do not exclude
high water-column denitrification in semi-restricted marine basins such as the proto-North Atlantic.

Our model results show a strong spatial heterogeneity (Fig. 5b), where the central open ocean (W1)
acts as both a major sink and source for N. Denitrification and N2-fixation in the central open ocean
(W1) represent about 44 % of the total N outputs and 20 % of total N inputs in the basin, with rates as
high as 11 and 5.2 Tmol y−1, respectively.

Our model suggests high rates of denitrification in both the central (W1) and the southern (W2)
open ocean. Coastal denitrification, however, is more important in the Western Interior (W3) than in
the euxinic southern proto-North Atlantic (W2 and W5), contrary to what is commonly assumed based
on mainly southern observations (e.g., Jenkyns et al., 2007; Junium and Arthur, 2007). In contrast,
N inputs from N2 fixers are important throughout the entire proto-North Atlantic, especially where
primary productivity is high. This suggests that N2-fixation was a major process that helped maintain
elevated primary productivity rates, in good agreement with recent interpretations of geological records
during OAE2 (Blumenberg and Wiese, 2012; Ohkouchi et al., 2006; Zhang et al., 2014). In the BsLi-N
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run, the southern open ocean (W2) fixes about 2.8 Tmol N y−1 during OAE2, which is only about 16 %
of the total N2-fixation in the basin. Our results suggest that N2-fixation in the Western Interior (W2)
and in the central open ocean (W1) may have been of equal importance to the global N budget.

In the BsLi-N run, both total NH+
4 upwelling and lateral N transport are about half the magnitude

of N2-fixation in the proto-North Atlantic (Fig. 5a). Upwelling of NH+
4 contributes to phytoplankton

growth, as suggested by Higgins et al. (2012), but is not the ultimate source of N in the proto-North At-
lantic. The role of recycled NH+

4 varies spatially due to regional differences in upwelling/downwelling
and organic matter degradation.

5 Conclusions
Our biogeochemical model for the proto-North Atlantic, that includes the N cycle, captures spatial
trends in oxygen concentrations and POC burial as deduced from sediment records. Our model results
confirm the hypothesis that enhanced availability of P could have fuelled N2-fixation and, therefore,
primary productivity during OAE2. This implies that N2-fixation compensated for the losses of N
through denitrification and, by acting as a major N source, contributed to the severe oxygen depletion
in the proto-North Atlantic. However, our model shows a spatial decoupling of N2-fixation and deni-
trification. While N2-fixation was widespread in surface waters, denitrification occurred mainly in the
water column of the central basin and to a lesser extent along the coast. This spatial variability high-
lights that biogeochemical processes counteracted the homogeneous distribution of nutrients resulting
from strong lateral and vertical transport. The N cycle slightly dampened the positive phosphorus-
anoxia feedback loop during OAE2 conditions. Because of this interplay of the N and P cycles, both
a P limited and a N-P co-limited ocean behave similarly during OAE2. Our model suggests that the
volume of anoxic waters in the mid-Cretaceous global ocean at least doubled during OAE2. Due to
this oxygen depletion, the predominant form of available inorganic N was likely ammonium instead of
nitrate and, therefore, recycling of NH+

4 became important for phytoplankton growth in all upwelling
regions.
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Sañudo-Wilhelmy, S. A., et al., Phosphorus limitation of nitrogen fixation by Trichodesmium in the
central Atlantic Ocean, Nature, 411(6833), 66–69, 2001.

Schlanger, S. O., and H. C. Jenkyns, Cretaceous oceanic anoxic events: causes and consequences,
Geologie en Mijnbouw, 55(3–4), 179–184, 1976.
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Table 1: Summary of experiments starting from the BsLi-P (Ruvalcaba Baroni et al., 2014) and BsLi-
N runs for OAE2 conditions. The table details the total number of runs for each experiment (total
number of runs adds up to 32).

Experiments Description No.
of runs

BsLi-P Weathering P supply of 0.03 Tmol y−1 (3 times pre-OAE2 value), 1
erosive P input of 0.001 Tmol y−1,
SRP and oxygen concentrations in Pacific bottom waters of
2.9 and 5 µmol L−1, respectively and
70 % of the original ocean circulation [1]

BsLi-N Same as BsLi-P plus NH+
4 and NO−

x concentrations in
Pacific bottom waters of 15 and 0 µmol L−1, respectively 1

Experiment 1 Changes in SRP concentrations from Pacific bottom waters 9
(from 1.3 to 3.8 µmol P L−1, which correspond to
a flux of 0.6 to 1.8 Tmol P y−1)

Experiment 2 Changes in oxygen concentrations from Pacific bottom waters 13
(from 200 to 0 µmol O2 L−1)
Changes in NO−

x concentrations from Pacific bottom waters
when [O2]<30 µmol L−1

(from 20 to 0 µmol NO−
3 L−1)

Changes in NH+
4 concentrations from Pacific bottom waters

when [O2]<30 µmol L−1

(from 0 to 25 µmol NH+
4 L−1)

Experiment 3 Changes in ocean circulation
(from 100 to 30% of the original overturning [1]) 8

[1]Original overturning (meridional = 15 Sv) from Topper et al. (2011)
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Figure 1: a) Map of the proto-North Atlantic showing the bathymetry for OAE2, where the dark
blue color indicates a water depth of more than 700 m and light blue a depth of less than 700 m.
Superimposed, the shaded areas represent an approximation of the oxygen conditions in bottom waters
as deduced from records of several redox proxies (e.g., Kraal et al., 2010b; Kuypers et al., 2002;
Nederbragt et al., 2004; Sinninghe Damsté and Köster, 1998) and model studies (e.g., Monteiro et al.,
2012; Ruvalcaba Baroni et al., 2014). Corresponding areas in the model boxes are indicated. b)
Schematic showing the subdivision of the proto-North Atlantic into 7 boxes (not to scale) for OAE2
conditions as implemented in our model. The model takes into account the increased water cycle
and increased size of continental shelves due to sea level rise. The symbols R, E and P indicate
locations where river water fluxes, evaporation and precipitation are included in the model. Horizontal
arrows indicate lateral flows of water. The regions dominated by upwelling and downwelling are
also indicated. Enlarged symbols indicate a significant increase in the water flux during OAE2. The
numbers correspond to the volume of surface waters for each box. The total volume of surface waters
is indicated.
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Figure 2: Oxygen distribution for a) Experiment 1 (varied P input from the Pacific Ocean), b) Exper-
iment 2 (varied oxygen from the Pacific Ocean) and c) Experiment 3 (varied ocean circulation). The
BsLi-N run is indicated as a horizontal dashed white line. The color bars above the x-axis of Exper-
iment 1 indicate the oxygen conditions for each basin as deduced from observations of several redox
proxies for OAE2 (e.g. see compilation in Ruvalcaba Baroni et al. (2014)) where dark red denotes
euxinic/anoxic; orange, low-oxygen/anoxic; blue, low-oxygen/oxic; and dark grey, uncertain. The in-
dices i and b, refer to intermediate and bottom waters. The bottom panel shows differences in oxygen
concentration between the new and original model (∆O2= NP model - P model) for d) Experiment 1,
e) Experiment 2 and f) Experiment 3. Note that ∆O2 is always positive.
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Figure 3: N2-fixation in the proto-North Atlantic for Experiments 1, 2 and 3: a) Regional (contour
plot); b) total N2-fixation for Experiment 1; c) Total N2-fixation in the proto-North Atlantic for Experi-
ment 2; d) Total N2-fixation for Experiment 3. In a), the regions dominated by upwelling (dark circles)
or downwelling (grey circles) are indicated at the top of the figure. The index s refers to surface waters,
other indices are as indicated in Fig. 2.
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Figure 4: Key fluxes and concentrations for the N cycle in each basin of the proto-North Atlantic dur-
ing OAE2 in the BsLi-N run: a) Oxygen (O2), ammonium (NH+

4 ) and nitrate (NO−
x ) concentrations,

where the oxygen concentrations of the BsLi-P run are also plotted as a reference; b) N:P ratios, where
the horizontal grey line indicates the N:P Redfield ratio (16), as set for pre-OAE2 conditions; c) Sed-
imentary and water column in pre-OAE2 and OAE2 conditions; d) Surface and subsurface (including
sedimentary) N2-fixation for pre-OAE2 and OAE2. The vertical dashed line separates the open from
the coastal ocean. Indices are as indicated in Fig. 2.
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N budget for the proto-North Atlantic
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Figure 5: Steady state N budget for the proto-North Atlantic as estimated for OAE2 in the BsLi-N run;
a) Total N sources and sinks for the proto-North Atlantic. Recycling N fluxes from remineralization
of organic matter are indicated as either NO−

x or NH+
4 ; b) Regional contribution of the sources, sinks

and recycling of N. The regional lateral transport of N is not included in b) since it does not affect
the proto-North Atlantic budget. The y axis in the open ocean (W1) is added, because it is the only
region where rates are larger than 10 Tmol y−1 (i.e. in all other regions the y axis ranges from 0 to 6,
as indicated for the Western Interior, W3).
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